Abstract Rationale: Although considerable progress has been made, we do not yet fully understand the behavioral and neurobiological basis of nicotine reinforcement, and without this knowledge, treatment strategies aimed at reducing smoking remain deficient. Objectives: This review describes an original perspective on nicotine reinforcement, which arises from substantial evidence of complex interactions between nicotine and nonpharmacological stimuli. We hypothesize that nicotine reinforcement derives from at least two sources: (1) primary reinforcement, an action that requires response-dependent drug administration and is capable of conveying secondary reinforcing effects on associated stimuli, and (2) the reinforcement-enhancing effect of nicotine, which directly enhances behavior maintained by salient nonnicotine stimuli and does not require a contingent relationship between drug administration and reinforced operant responding. Although novel for nicotine, this hypothesis has origins in an extensive literature on the reinforcing effects of psychostimulants. Empirical support for this hypothesis, based largely on animal models of reinforcement, will be presented. Conclusions: Animal models of drug reinforcement have evolved to reflect our growing awareness of the multidimensional nature of drug dependence in humans. Investigating the interaction between nicotine and nonpharmacological stimuli within the context of the drug self-administration paradigm in rats has generated new insights into the paradox of how nicotine, an apparently weak primary reinforcer, can sustain the robust behavior observed in self-administration and in smoking. The hypothesis presented in this paper-that nicotine acts as both a primary reinforcer and an enhancer of other nonnicotine reinforcers-provides important direction for future investigations into the neurobiology of nicotine reinforcement and treatments for smoking cessation.
Introduction
The drug self-administration paradigm, in which animals perform an operant response such as nose poke or lever press to obtain intravenous drug infusions, was developed as a model to study the behavioral and neurobiological underpinnings of drug reinforcement (Schuster and Thompson 1969; Caggiula et al. 2001; Di Chiara 2002; Schindler et al. 2002; See et al. 2003) . Central to this paradigm is the premise that behavior leading to drug delivery is reinforced by the direct pharmacological actions of that drug within the central nervous system. This principle is analogous to theories of drug use and dependence in humans: in both cases, repeated drug taking is strengthened by the primary, positive reinforcing effects of the drug (Wise 1987; Meisch and Lemaire 1993; Di Chiara 1999; Glautier 2004) .
Since its introduction (Deneau and Inoki 1967; Collins 1976, 1978) , the drug self-administration paradigm has evolved to accommodate the complex factors that describe drug dependence in humans. For example, the observation that environmental stimuli frequently associated with drugs can induce craving and relapse after prolonged abstinence in humans (Childress et al. 1999; Conklin and Tiffany 2002) has prompted the inclusion of nonpharmacological stimuli in the drug self-administration paradigm to test their effectiveness in inducing reinstatement of drug seeking in animals (Wikler and Pescor 1967; See 2002; Shaham et al. 2003) . In a more recent example, a recognition that protracted drug use in humans produces hallmark behavioral changes, such as continued use in the face of negative outcomes, persistent drug seeking during periods of drug absence, and increased motivation to obtain drug, has triggered methodological refinements in the animal model to assess the emergence of similar outcomes in rats (Deroche-Gamonet et al. 2004; Vanderschuren and Everitt 2004) .
While research on drug addiction in humans has influenced the design of experiments using animal models, investigations of the behavioral and neurobiological substrates of drug reinforcement in animals have also been instrumental in shaping our theories about drug dependence in humans. Here we review the utility of the drug selfadministration paradigm for extending our understanding of nicotine reinforcement. Recent data demonstrating an interaction between nicotine and nonpharmacological stimuli will be presented to illustrate the novel hypothesis that nicotine reinforcement derives from at least two sources: (1) the primary reinforcing effect of nicotine, an action that can sustain moderate levels of self-administration, can establish concurrent stimuli as conditioned reinforcers, and requires response-dependent drug administration, and (2) the effectiveness of nicotine in enhancing operant responding for reinforcing nonnicotine stimuli, an action that does not require a contingent relationship between drug administration and the reinforced operant (see Table 1 ; Donny et al. 2003) . Parallel theories on the behavioral actions of psychostimulant drugs, such as cocaine, amphetamine, and pipradrol, will also be described. In addition, the capacity of nicotine to enhance reinforced behavior will be considered within the context of the neurobiological actions of nicotine, and the implications of this effect for smoking, smoking cessation, and the comorbid abuse of other addictive substances will be discussed.
Advancements in the nicotine self-administration model
Nicotine self-administration is obtained under restricted experimental conditions Nicotine is the major psychoactive constituent of tobacco that produces widespread tobacco dependence and persistent smoking (USDHHS 1988) . However, initial attempts to establish voluntary, intravenous nicotine self-administration in animals produced equivocal results. While some experiments achieved reliable nicotine self-administration, others suggested that nicotine was not effective in supporting behavior leading to its delivery (Deneau and Inoki 1967; Clark 1969; Dougherty et al. 1981) .
Early published reports of successful nicotine selfadministration employed schedule induction as a necessary addition to standard self-administration protocols because intermittent food delivery at regular fixed intervals facilitated lever pressing for intravenous nicotine infusions (Lang et al. 1977; Latiff et al. 1980; Smith and Lang 1980; Singer et al. 1982; Slifer and Balster 1985) . Fundamental to the validity of schedule-induced self-administration procedures was the hypothesis that the dose of self-administered drug would not initially function as a positive reinforcer, and would therefore be incapable of independently supporting operant responding (Slifer 1983) . Indeed, rats maintained on free-feeding conditions did not acquire nicotine self-administration, whereas rats maintained at a reduced body weight by restricted food access only gradually acquired low rates of nicotine self-administration in the absence of concurrent schedule induction (Lang et al. 1977 ). The fragility of nicotine self-administration in these pioneering experiments was underscored by observations that there were no clear dose effects of nicotine on responding (Slifer 1983) , overall levels of within-session nicotine intake were low (Cox et al. 1984) , and changing urinary pH (which affected rates of nicotine excretion) disrupted acquisition (Latiff et al. 1980) . Further evidence that nicotine was a weak primary reinforcer came from comparisons between nicotine and cocaine self-administration, which demonstrated that unlike cocaine, nicotine Caggiula et al. 2002b; Donny et al. 2003; Chaudhri et al. in press Evidence: Donny et al. 2003; Chaudhri et al. 2005a,b; Palmatier et al. 2005 Hypothesis: establishes nonnicotine stimuli as conditioned reinforcers Hypothesis: enhances approach evoked by appetitive conditional stimuli and responding for conditioned reinforcers Evidence: Cohen et al. 2005, unpublished data Evidence: Olausson et al. 2004a,b Hypothesis: prevents or interferes with the extinction of conditioned approach and conditioned reinforcement Evidence: no studies reported was not readily self-administered and did not produce rates of responding that were as reliable or robust as those achieved for cocaine (Pickens and Thompson 1968; Ator and Griffiths 1983; Risner and Goldberg 1983; Collins 1990 ). Current protocols for nicotine self-administration have adopted techniques that facilitate consistently high levels of operant behavior. They include, but are not limited to, (1) testing self-administration using fixed-ratio reinforcement schedules with limited daily access to nicotine (but see Valentine et al. 1997 and Brower et al. 2002 for nicotine self-administration using extended access schedules); (2) increasing the response requirements necessary to produce nicotine infusions; (3) delivering nicotine in combination with a nonpharmacological stimulus; (4) decreasing the infusion duration to mimic the nicotine "bolus" that is delivered rapidly, via smoking (Balfour et al. 2000) ; and (5) training rats to lever press for food delivery prior to selfadministration sessions (Corrigall and Coen 1989; Tessari et al. 1995; Donny et al. 1995; Shaham et al. 1997) . Additional parametric considerations, such as maintaining rats on a restricted diet and testing them during the dark phase of their light/dark cycle, which engender more robust nicotine self-administration, are also incorporated into contemporary self-administration procedures (Donny et al. 1998) .
The use of stringent test conditions such as these has led to reliable nicotine self-administration in a number of species including rats (Corrigall and Coen 1989; Donny et al. 1995; Tessari et al. 1995; Chiamulera et al. 1996; Shoaib et al. 1997; Valentine et al. 1997) , mice (Picciotto et al. 1998; Rasmussen and Swedberg 1998; Stolerman et al. 1999) , dogs (Henningfield and Goldberg 1983; Risner and Goldberg 1983) , monkeys Spealman et al. 1981; Ator and Griffiths 1983; Slifer and Balster 1985) , and humans Rose and Corrigall 1997) . Nevertheless, the hypothesis that nicotine is a relatively weak primary reinforcer is grounded in the observation that high and stable rates of nicotine selfadministration in animals are achieved only within a relatively restricted range of experimental parameters (Henningfield and Goldberg 1983) . These observations along with recent data collected in our laboratory and described below Chaudhri et al. 2005a) highlight an important question regarding the role of nicotine in reinforced behavior: how can nicotine, an apparently weak primary reinforcer, support the establishment of smoking, one of the most addictive behaviors worldwide?
In answer to this question, a sizable literature suggests that smoking is maintained by the primary reinforcing effect of nicotine and by environmental stimuli that become established as conditioned stimuli because of repeated association with nicotine (Rose and Levin 1991; Perkins 1999; Balfour et al. 2000; Caggiula et al. 2001) . Our data concur fully with this hypothesis, but extend it to include an additional behavioral effect of nicotine-its capacity to enhance responding for a reinforcing nonnicotine stimulus Chaudhri et al. 2005a) . Empirical support for these actions of nicotine (primary reinforcement and the capacity to directly enhance other reinforcers) will be presented to illustrate the following important points. First, primary reinforcement from nicotine can sustain self-administration in rats and is a probable contributor to smoking in humans. However, this effect is relatively weak when compared to the capacity of nicotine to interact with nonpharmacological stimuli and augment the magnitude of reinforcement derived from those stimuli. Second, the specific interactions between nicotine and nonpharmacological stimuli are largely determined by the intrinsic reinforcing value of those stimuli. Data illustrating these effects will be presented to address contradictions in the literature regarding the role of nicotine in nicotine self-administration and in smoking.
Nonpharmacological stimuli contribute significantly to nicotine reinforcement Goldberg et al. (1981) were the first to investigate the impact of nonpharmacological stimuli in nicotine reinforcement. Using a second-order reinforcement schedule, where animals responded on a fixed-ratio schedule for a light that was subsequently paired with nicotine on a fixed interval schedule, they were able to demonstrate high overall rates of operant responding. More importantly, removing the stimulus caused a substantial decrease in responding despite the continued availability of nicotine, providing preliminary evidence that nonpharmacological stimuli incorporated into models of nicotine reinforcement have a notable impact on behavior.
Discrete, drug-paired stimuli are now well integrated into current models of nicotine self-administration, and converging evidence from several laboratories suggests that they contribute considerably to various stages of nicotine reinforcement. For example, the acquisition of lever pressing for nicotine is facilitated by combining drug delivery with a nonpharmacological stimulus, compared to responding for either nicotine alone (Caggiula et al. 2002a,b; Chaudhri et al. 2005a) or the stimulus alone (Cohen et al. 2005; Caggiula et al. 2002b; Chaudhri et al. 2005a) . A comparison of the dose-response relationships for nicotine self-administration obtained using a fixed-ratio reinforcement schedule, where every fifth response produces a nicotine infusion that is either associated with or delivered in the absence of a discrete nondrug stimulus, reveals two significant effects. First, overall responding for nicotine is markedly reduced when infusions are not combined with a nonpharmacological stimulus. Second, the peak of the inverted U-shaped dose-response function in this condition is shifted downward and to the right (0.06 mg kg −1 inf −1 ; free base) relative to behavior reinforced by nicotine paired with a nondrug stimulus, where responding peaks at 0.02-0.03 mg kg −1 inf −1 (Corrigall and Coen 1989; Donny et al. 2000 Donny et al. , 2003 . A similar impact of nonpharmacological stimuli is observed when the response requirement necessary to achieve consecutive reinforcements is increased within a single self-administration session (i.e., progressive-ratio reinforcement schedule). Lever pressing for nicotine infusions combined with a nondrug stimulus is sustained by a wide range of nicotine doses (0.02-0.09 mg kg −1 inf ); low nicotine doses fail to support responding on a progressive-ratio reinforcement schedule (Chaudhri 2005) . The latter findings illustrate the impact of nonpharmacological stimuli on behavior in a paradigm designed to assess the motivational strength of reinforcers. These experiments demonstrate that nicotine self-administration is less reliable and less robust in the absence of concurrent nondrug stimuli, and corroborate the prior hypothesis that while nicotine alone can support behavior, its primary reinforcing effect is relatively weak.
The efficacy of nonpharmacological stimuli in promoting nicotine self-administration depends on their contingent relationship to lever pressing and/or nicotine infusions; noncontingent stimulus presentations to rats that respond only for nicotine do not enhance self-administration (Caggiula et al. 2002b) . Similarly, others have demonstrated that nondrug stimuli delivered noncontingently fail to potentiate cocaine and heroin seeking on a second-order reinforcement schedule (Di Ciano and Everitt 2003) . Response-dependent presentations of nicotine-paired stimuli during extinction with saline substitution sustain reduced but stable lever pressing (Caggiula et al. 2001) , in some cases at higher levels than behavior reinforced by the same stimulus that was never previously associated with nicotine (Cohen et al. 2005) . The latter finding suggests that repeated responsedependent pairings between nicotine and a nondrug stimulus enhance the reinforcing efficacy of the stimulus via Pavlovian conditioning and subsequently increase its control over behavior. Removing the stimulus after animals have maintained responding for it during saline substitution causes a further decrease in lever pressing (Caggiula et al. 2001; Cohen et al. 2005) , providing additional support for this hypothesis, and suggesting that resistance to extinction typically observed for nicotine self-administration can be largely attributed to the continued response-contingent presentation of nonpharmacological stimuli. Finally, following extinction of responding induced by removing nicotine and concurrent nondrug stimuli, reinstatement of lever pressing can be stimulated by either priming infusions of nicotine (Chiamulera et al. 1996; Shaham et al. 1997; Andreoli et al. 2003) or by presenting nondrug stimuli that were previously combined with nicotine (Caggiula et al. 2001; Lesage et al. 2004; Paterson et al. 2005) . These data are consistent with a large body of clinical evidence that environmental stimuli associated with nicotine intake via smoking not only trigger craving and induce relapse in abstinent smokers (Rose and Levin 1991; Caggiula et al. 2001; Brody et al. 2002; Heishman et al. 2004 ) but also greatly influence reinforcement derived from smoking . They provide parallel support within the context of an animal model for the hypothesis that nondrug factors associated with nicotine become an important part of the stimulus complex that sustains nicotine reinforcement.
Nicotine interacts synergistically with nonpharmacological stimuli
While these experiments imply an interaction between nicotine and nondrug stimuli, they do not explain the nature of this effect and do not demonstrate how a weak primary reinforcer, nicotine, can support high levels of behavior in the presence of response-contingent stimulus delivery. To address these issues, we tested the independent and combined effects of nicotine and nonpharmacological stimuli on operant responding. Separate groups of rats were allowed to acquire lever pressing for nicotine paired with a compound visual stimulus (VS: 1-s cue light onset, followed by 1-min house light offset that signaled a time-out period when responding was recorded but not reinforced), saline paired with the VS, nicotine in the absence of the VS (nicotine alone), and saline alone . The principal outcome from this study was that associating nicotine with the VS produced a synergistic and not just an additive enhancement of self-administration; that is, response rates generated by the combination of VS and nicotine were more than twice the sum of response rates produced by either the VS alone or nicotine alone (see Fig. 1 ). A second, equally important finding was that although nicotine alone did not establish self-administration at the dose tested, the VS in the absence of nicotine supported moderate, stable behavior. In a subsequent experiment, we tested the ability of the VS to impact lever pressing when presented in combination with nicotine for the first time after self-administration for nicotine alone had been acquired in rats (Chaudhri et al. 2005a ). This study replicated our original observation that rats only acquired nicotine self-administration in the absence of a con- Results are mean±SEM of data obtained from seven to ten animals per group. Schedule of reinforcement is indicated below the abscissa (modified from Donny et al. 2003) current nondrug stimulus when larger doses of nicotine were available. More importantly, combining the VS with nicotine in rats with a prolonged history of responding for nicotine alone produced an immediate, sizable increase in lever pressing, and this effect was prominent at low doses (0.03 and 0.06 mg kg
) but did not occur at the highest dose tested (0.15 mg kg
). This research, using a standard model of self-administration, provides important insight into why responding for nicotine is so much more pronounced in the presence of concurrent nondrug stimuli: it is not the drug alone but the synergistic interaction between nicotine and nonpharmacological stimuli that produces a significant increase in behavior. A potential mechanism for this effect can be conceptualized based on the following observations. First, nicotine elevated responding for a nondrug stimulus that functioned as an unconditioned reinforcer without any prior association with nicotine Chaudhri et al. 2005a) . Second, the synergistic interaction required stimulus delivery to be contingent upon behavior; it did not occur when rats responded for nicotine and received noncontingent VS presentations (Caggiula et al. 2002b) . Third, the impact of the nonpharmacological stimulus on nicotine-reinforced behavior was apparent immediately; it did not require an associative history between nicotine and the nondrug stimulus (Chaudhri et al. 2005a ). These outcomes suggest that the synergy between nicotine and the VS that resulted in elevated lever pressing was a consequence of nicotine enhancing the reinforcing value of, and therefore behavior maintained by, an already reinforcing nonpharmacological stimulus.
This proposed effect of nicotine can be differentiated experimentally from the effectiveness of nicotine in establishing a concurrent VS as a conditioned reinforcer via Pavlovian conditioning by dissociating nicotine delivery from operant responding maintained by the VS. If Pavlovian conditioning is central to the interaction between nicotine and nondrug factors, then responding for the VS should not be elevated when nicotine delivery is independent of the animal's behavior and therefore unrelated to the VS. However, if nicotine enhances reinforcement through nonassociative mechanisms, then an increase in responding for the VS should be preserved. Consequently, nicotine should elevate responding for reinforcing nonpharmacological stimuli other than the VS (e.g., conditioned reinforcers, discriminative stimuli, intrinsically reinforcing stimuli), and this effect should also be independent of a temporal relationship between nicotine delivery, and both presentations of the stimulus and the behavior it controls.
While these predictions apply to stimuli that reinforce behavior in the absence of drug, separate predictions can be generated for the interaction between nicotine and relatively neutral nonnicotine stimuli. According to the present hypothesis, nicotine functioning as a reinforcement enhancer should have less impact on responding for nondrug stimuli that are neutral or only very weakly reinforcing. However, as a primary reinforcer, nicotine can establish associated neutral stimuli as conditioned reinforcers (Rose and Levin 1991; Balfour et al. 2000; Balfour 2004 ). Therefore, nicotine should not increase operant responding for a neutral stimulus if drug delivery is unrelated to either stimulus presentations or operant behavior; in contrast, when nicotine and the stimulus are combined, and delivery is contingent upon lever pressing, then the repeated association should confer some reinforcement to the stimulus via Pavlovian conditioning. Subsequently, responding for the stimulus, now established as a conditioned reinforcer, should be further enhanced by nicotine. These predicted behavioral effects resulting from contingent and noncontingent nicotine are summarized in Table 2 .
Evidence supporting a dual role for nicotine in reinforcement
To determine whether nicotine increases the reinforcing properties of nonpharmacological stimuli through nonassociative mechanisms, we examined the impact of nicotine on lever pressing for the VS (described above) when drug infusions were delivered independently of the animal's behavior . In this study, rats that self-administered (contingent) nicotine paired with the VS also controlled the delivery of nicotine infusions to a separate group of animals (i.e., yoked; noncontingent) that responded for the VS alone. Remarkably, there was no difference in response rates during acquisition under these two conditions; contingent and noncontingent nicotine delivery equally elevated responding for the VS on an escalating fixed-ratio reinforcement schedule compared to responding for the VS paired with saline (see Fig. 2 ). Noncontingent nicotine delivered in the absence of contingent VS presentations did not facilitate lever pressing . Furthermore, a low dose of nicotine delivered as a continuous infusion throughout the 1-h test Table 2 Manipulating drug contingency can differentiate behavioral outcomes resulting from the primary reinforcing and reinforcementenhancing effects of nicotine Response-dependent nicotine (contingent)
Response-independent nicotine (noncontingent)
Primary reinforcement (1) Can maintain operant behavior in the absence of nonnicotine stimuli
(1) Is unable to maintain operant behavior in the absence of contingent, reinforcing nonnicotine stimuli (2) Can establish concurrent nonnicotine stimuli as conditioned reinforcers (2) Is unable to establish unpaired, contingent nonnicotine stimuli as conditioned reinforcers Reinforcement enhancer (3) Can elevate behavior maintained by reinforcing nonnicotine stimuli (3) Can elevate behavior maintained by reinforcing nonnicotine stimuli session produced a similar enhancement of reinforced behavior; like animals that received pulsed, noncontingent nicotine infusions, these rats also maintained elevated lever pressing for the VS, thereby negating the possibility that enhanced VS responding was the result of partial reinforcement from chance pairings between lever pressing and noncontingent pulsed nicotine delivery (Fig. 2) . These findings contradict the interpretation that responding is maintained solely by the direct primary reinforcing effect of nicotine that is delivered after successful completion of the operant. Furthermore, they strongly corroborate the hypothesis that nicotine can directly enhance behavior maintained by reinforcing nonpharmacological stimuli . Unlike nicotine, noncontingent delivery of food pellets did not enhance responding for the VS compared to lever pressing for the VS alone . In addition, replacing either noncontingent or self-administered nicotine with saline produced an equivalent drop in lever pressing, and reinstating nicotine under both conditions resulted in a comparable return to preextinction levels of responding . Furthermore, the enhancement of responding for the VS by noncontingent nicotine was observed across a range of doses, on both fixed-ratio and progressive-ratio reinforcement schedules (Chaudhri 2005) . The latter schedule, where the number of responses required for each consecutive reinforcer is increased within the test session, is an acknowledged test of the motivational impact of reinforcers on behavior. This evidence substantiates the hypothesis that one mechanism by which nicotine impacts reinforcement is by increasing the capacity of reinforcing nonpharmacological stimuli to motivate responding.
These data illustrate a pronounced capacity for both contingent and noncontingent nicotine to enhance responding for an unconditioned, moderately reinforcing VS. However, the interactions between contingent and noncontingent nicotine and relatively neutral nondrug stimuli are more complex. Based on the present hypothesis, repeated association with contingent nicotine should increase the reinforcing strength of a concurrent neutral stimulus via Pavlovian conditioning, and this effect should be subsequently amplified by the reinforcement-enhancing effect of nicotine. Conversely, the impact of noncontingent nicotine on responding, which tests only the reinforcementenhancing effects of nicotine, should lessen with stimuli of decreasing reinforcing strengths.
To investigate these predictions, we examined the impact of contingent and noncontingent nicotine on responding maintained by a brief tone-light stimulus (5-s tone onset and house light offset) that was previously established as a conditioned reinforcer (Chaudhri 2005; Chaudhri et al. 2005b) . Initially, separate groups of rats were exposed to the stimulus that was either paired with or explicitly unpaired with sucrose pellets. After repeated training, two response levers were introduced into the operant chambers for the first time, and responding on one lever was reinforced by the stimulus in the absence of sucrose. This procedure is a stringent test for conditioned reinforcement (Robbins and Koob 1978; Robbins 1978) . Animals with sucrose-paired training responded considerably more on the stimulus-reinforced lever compared to either the nonreinforced lever or to rats in the sucroseunpaired training condition, indicating that while the paired stimulus had become a conditioned reinforcer, the unpaired stimulus had only weak reinforcing strength. Subsequently, animals from both training conditions were divided into three groups and tested daily on an escalating fixed-ratio reinforcement schedule in which lever pressing was reinforced by the stimulus with contingent nicotine, noncontingent nicotine, or noncontingent saline. After acquisition, these same groups were tested on a progressive-ratio reinforcement schedule.
This experiment had several important outcomes. Despite a lack of initial preference for the stimulus-reinforced lever, animals from the sucrose-unpaired training condition demonstrated moderate responding for the stimulus (with saline) across acquisition and on a progressive-ratio schedule. However, rats with sucrose-paired training responded at a significantly greater level for the stimulus (with saline), indicating that although the stimulus alone may have been weakly reinforcing, prior pairing with sucrose made it comparatively stronger positive reinforcer. More importantly, while contingent nicotine elevated responding for the stimulus equally in the sucrose-paired and sucrose-unpaired groups, noncontingent nicotine more effectively increased responding for the sucrose-paired as opposed to the sucroseunpaired stimulus. These differences were particularly striking in the progressive-ratio phase of the study; a significant statistical interaction between drug contingency and pairing condition revealed that contingent and noncontingent nicotine elevated responding equally for the more Contingent Nicotine + VS Non contingent Nicotine + VS (pulsed) Continuous Nicotine + VS Contingent Saline + VS Fig. 2 The effects of response-contingent nicotine, responseindependent pulsed or continuous nicotine delivery, or contingent saline on active lever responding (including responding during the time-out period) for the VS. Acquisition data (days 1-20) were followed by 6 days in which saline was substituted for nicotine (days 21-26) and then 3 days in which nicotine was replaced (days 27-29). Results are mean±SEM of data obtained from seven to nine animals per group (from Donny et al. 2003) reinforcing sucrose-paired stimulus, but contingent nicotine had a greater impact on lever pressing compared to noncontingent nicotine for the weaker sucrose-unpaired stimulus. Thus, in addition to unconditioned reinforcing stimuli, nicotine can also enhance behavior maintained by conditioned reinforcers (also see Olausson et al. 2004a) , and this effect is largely independent of the relationship between nicotine delivery and lever pressing. More importantly, these data support a defined role for the primary reinforcing effect of nicotine in reinforcement. In this experiment, contingent nicotine synergized with both the sucrosepaired stimulus and the less reinforcing sucrose-unpaired stimulus. In contrast, noncontingent nicotine more effectively energized responding for the stronger sucrose-paired stimulus. This dichotomy in the impact of contingent and noncontingent nicotine on the less reinforcing sucroseunpaired stimulus suggests that repeated associations between contingent nicotine and the stimulus increased the conditioned reinforcing properties of the stimulus through Pavlovian conditioning. In a separate study, we examined the impact of contingent and noncontingent nicotine on responding for a stimulus that supported only minimal lever pressing in the absence of nicotine (concurrent 5-s tone and cue light onset). When combined with contingent nicotine, operant responding for the stimulus was dramatically increased, whereas noncontingent nicotine had no impact on the low levels of responding maintained by the stimulus (unpublished data). Results from the above experiments converge on three important conclusions. First, repeated associations between the primary reinforcing action of nicotine and a nondrug stimulus can increase the reinforcing value of that stimulus, and this effect is more easily seen if the stimulus itself has little or no reinforcing effects prior to the association. By contrast, the reinforcement-enhancing effect of nicotine (assessed using noncontingent nicotine) is most easily seen if the nonpharmacological stimulus possesses some reinforcing strength prior to nicotine exposure. Finally, both contingent and noncontingent nicotine increase responding for conditioned reinforcers. This latter action may have important implications for smoking reinforcement as the sensorimotor components of smoking likely acquire conditioned reinforcing properties as a function of their association with nicotine (Rose and Levin 1991) .
The data supporting a reinforcement-enhancing role for nicotine derive from a standard self-administration paradigm coupled with an innovative model in which animals respond for discrete light-tone stimuli in the presence of noncontingent nicotine. However, neither paradigm addresses the important questions of exactly how much nicotine is required to enhance responding for nonpharmacological stimuli, whether it is the same as that required for the primary reinforcing effects of the drug, and whether individual differences in sensitivity to nicotine contribute to these effects. In our procedure, rats that self-administer nicotine paired with a nonpharmacological stimulus also control the delivery of noncontingent nicotine to yoked animals that lever press only for the stimulus; thus, in both contingent and noncontingent procedures, the animal is receiving significantly more nicotine compared to responding for nicotine alone (Caggiula et al. 2001; Donny et al. 2003; Chaudhri et al. 2005a) . If the enhanced reinforcing value of the stimulus drives this elevation in response rates, then the resulting high nicotine intake may simply be a byproduct of responding for the stimulus. Therefore, the amount of nicotine that animals receive may be greater than what is actually required to elicit the reinforcement-enhancing action of nicotine.
One way to test how much nicotine rats would selfadminister while still achieving a desired number of stimulus presentations is to make each reinforcer contingent upon a distinct operant response. Allowing independent control of each reinforcer provides a novel paradigm with which to assess the separate reinforcing effects of nicotine and the stimulus, as well as their interaction. Therefore, we conducted a study in which different groups of rats either self-administered nicotine combined with the VS on the same active lever (our standard model with an inactive lever), responded for the VS alone, responded for nicotine alone, or responded for nicotine on one lever and the VS on another lever (Palmatier et al. 2005) . As expected, animals in the first condition responded robustly and consequently obtained a considerable number of drug infusions and concurrent VS presentations, whereas rats that lever pressed for nicotine alone or the VS alone responded at significantly lower levels. When allowed to independently control each reinforcer, animals self-administered only as much nicotine as rats that lever pressed for nicotine alone. However, the number of VS presentations earned did not equal VS deliveries by rats that responded for the VS alone; these animals earned as many VS presentations as rats that self-administered nicotine combined with the VS. These results further support the hypothesis that nicotine can energize responding for a contingently delivered nonpharmacological stimulus. More importantly, they provide evidence that the actual amount of nicotine required to achieve this effect is considerably less than what rats self-administer when both reinforcers are delivered together (also see Donny et al. 2003) , and instead approximates the number of infusions earned when drug delivery occurs in the absence of nondrug stimuli.
The increase in responding for nonpharmacological stimuli elicited by nicotine has also been demonstrated using the acquisition of a new response procedure, a stringent behavioral paradigm in which responding on a novel operant tests the conditioned reinforcing properties of a nonpharmacological stimulus that was previously associated with a primary reinforcer such as sucrose (Di Ciano and Everitt 2004) or water (Taylor and Robbins 1984) . Olausson et al. (2004a) tested the hypothesis that acute nicotine administration would enhance the incentive motivational properties of conditioned reinforcers. They found that nicotine injected subcutaneously before testing for conditioned reinforcement produced a dose-dependent, specific increase in responding on the lever that produced the conditioned reinforcer. Furthermore, this enhancement was completely abolished by pretreatment with the nicotinic acetylcholine receptor (nAChR) antagonist, mecamylamine, indicating that the facilitation of conditioned reinforcement by nicotine was mediated by nAChRs. Using the same paradigm, they demonstrated that repeated preexposure to nicotine prior to training (in which the stimulus was paired with an unconditioned reinforcer) enhanced subsequent responding for conditioned reinforcement, and that this treatment regimen also augmented the potentiation of conditioned reinforcement induced by an intra-accumbens infusion of amphetamine (Olausson et al. 2004b ). These findings suggest that neuroadaptations resulting from prolonged nicotine exposure can modulate the incentive salience of reinforcing stimuli, and provide preliminary evidence for the involvement of the nucleus accumbens (NAc) and dopaminergic signaling in this effect.
Psychostimulants increase responding for conditioned stimuli
The research described above strongly supports the hypothesis that nicotine has dual roles in reinforcement; in addition to its (albeit weak) primary reinforcing effects, we propose that nicotine can directly increase behavior maintained by reinforcing nonnicotine stimuli. While novel for nicotine, a similar hypothesis is well established to explain the impact of psychostimulant drugs such as cocaine and amphetamine on reward. For example, Phillips and Fibiger (1990) advocated that the behavioral effects of cocaine are controlled by two factors: its correlated capacity to function as a strong primary reinforcer and to establish environmental stimuli that are associated with cocaine delivery as conditioned reinforcers, and its capacity to enhance behavior controlled by stimuli that become conditioned to the reinforcing effects of cocaine or other primary reinforcers.
The ability of psychostimulants to establish nonpharmacological stimuli as conditioned reinforcers has been systematically investigated (Kruzich et al. 2001; Di Ciano and Everitt 2004; Ciccocioppo et al. 2004) . Similarly, the facilitation of reward by psychostimulants has been extensively demonstrated with a number of behavioral models. Initial evidence comes from studies of brain stimulation reward, where both amphetamine (Stein and Ray 1960; Stein 1961) and cocaine (Crow 1970) lowered thresholds for brain self-stimulation reward in rats. A comparable impact of nicotine on brain stimulation reward has also been demonstrated (Ivanova and Greenshaw 1997; Bozarth et al. 1998a,b ; but see also Clarke and Kumar 1983) . In particular, nicotine was shown to induce parallel leftward shifts in ratefrequency functions for both lateral hypothalamic and midline mesencephalic brain stimulation, which could reflect a synergism between nicotine and the reinforcing properties of brain stimulation (Bauco and Wise 1994) . Furthermore, withdrawal from nicotine has been shown to elevate brain reward thresholds in rats (Kenny et al. 2003) . Apart from informing theories on common neurobiological substrates that mediate reinforcement from both abused drugs and intracranial self-stimulation, these data underscore the analogous behavioral effects of a relatively weak primary reinforcer, nicotine, and more robust primary reinforcers, such as cocaine and amphetamine.
That psychostimulants increase the reinforcing impact of subthreshold frequencies of brain stimulation provides one source of evidence for the hypothesis that these drugs facilitate reward. Further support comes from an extensive literature demonstrating that psychostimulants increase operant responding for conditioned reinforcers (Bugelski 1938; Hill 1970; Beninger et al. 1980) . One of the most widely utilized behavioral models to study the reinforcement-enhancing effects of stimulants is the acquisition of a new response procedure (described above). Using this paradigm, Robbins (1976) demonstrated a potent, specific facilitation of responding on a lever that produced a conditioned reinforcer in rats injected with the psychostimulant pipradrol prior to testing. This effect was dosedependent and was not observed when the same stimulus was either never previously paired with water or was only randomly correlated with water, and therefore did not support conditioned reinforcement. Repeated treatment with pipradrol across six successive test sessions progressively enhanced responding for conditioned reinforcement (Robbins 1978) , and in a separate experiment, pipradrol dose-dependently increased responding for a stimulus that was predictive of brain stimulation reward, and not for a distinct stimulus correlated with the unavailability of brain stimulation reward (Robbins and Koob 1978) .
A key neuronal structure implicated in the enhancement of conditioned reinforcement by psychostimulants is the NAc. Infusions of D-amphetamine into NAc but not the caudate putamen or thalamus dose-dependently potentiate responding for conditioned stimuli (Taylor and Robbins 1984) . Dopaminergic signaling is important for this effect because responding for conditioned reinforcers is accelerated by intra-NAc dopamine infusions (Robbins et al. 1989 ) and reduced by dopamine depletion of the NAc (Taylor and Robbins 1986; Parkinson et al. 2002) . Conversely, serotonin depletion augments the potentiation of conditioned reinforcement induced by intra-NAc amphetamine , and in separate studies, prior infusion of serotonin (5-HT) or prior activation of 5-HT 1B receptors in the NAc attenuates the behavioral effects of intra-NAc amphetamine . These data suggest a potential role for serotonin in inhibiting the enhancement of responding for conditioned stimuli by psychostimulants. Finally, prolonged exposure to cocaine before training in which a stimulus is associated with a primary reinforcer not only increases responding for that conditioned stimulus in the absence of drug, but also potentiates the enhancement of this effect by intra-NAc amphetamine (Taylor and Horger 1999) . Therefore, it is plausible that neuroadaptations (e.g., sensitization) resulting from repeated drug exposure further impact the reinforcement-enhancing action of psychostimulants, adding another layer of complexity to the issue of exactly where and how associations between drugs and nonpharmacological stimuli are formed.
To investigate the reinforcement-enhancing action of cocaine within the context of self-administration, we con-ducted an experiment to determine if noncontingent cocaine delivery produced a similar enhancement in lever pressing for a nonpharmacological stimulus that was observed previously with noncontingent nicotine . Rats that self-administered cocaine infusions in combination with a reinforcing compound VS (described above) also controlled the delivery of noncontingent cocaine to separate animals that lever pressed only for the VS. Like nicotine, both self-administered and noncontingent cocaine elevated responding for the VS, as compared to responding for the VS alone (Fig. 3a,b) . These data contribute to a growing literature on the capacity of nicotine, and psychostimulants such as amphetamine and cocaine, to enhance the reinforcing value of, and therefore behavior maintained by, reinforcing nonpharmacological stimuli.
The neurobiology of nicotine reinforcement
Existing behavioral and neurobiological hypotheses for nicotine reinforcement are based on a model in which nicotine functions solely as a primary reinforcer. However, embedded in this literature is a possible mechanism to account for the potentiation of reinforced behavior by nicotine, which may inform future experiments on the neurobiology of nicotine reinforcement.
The principal known substrate for nicotine reinforcement is the mesocorticolimbic pathway, a dopaminergic projection that arises in the ventral tegmental area (VTA) and terminates in regions that include the prefrontal cortex and NAc. In support of the hypothesis that nicotine impacts dopaminergic neurotransmission within the VTA, nicotine increases burst firing of VTA dopamine neurons (Imperato et al. 1986; Erhardt et al. 2002; Schilstrom et al. 2003) . Furthermore, nicotine self-administration is attenuated by systemically administered dopamine antagonists (Corrigall and Coen 1991) , lesions of midbrain dopamine neurons (Corrigall et al. 1992) , and microinfusions of either GABA receptor agonists (Corrigall et al. 2000) or the nicotinic receptor antagonist dihydro-beta-erythroidine (DHβE; Corrigall et al. 1994 ) into the VTA. While this research has uncovered an important neural locus for the reinforcing actions of nicotine, the latter studies used a self-administration paradigm in which nicotine infusions were combined with a discrete nonpharmacological stimulus. Therefore, the observed reduction in behavior could be attributed to a decrease in primary reinforcement and/or the reinforcement-enhancing effects of nicotine.
Recent research on the cellular basis of nicotine reinforcement suggests that the (mesolimbic) dopaminergic projection from the VTA to the NAc may also be involved in the reinforcement-enhancing effect of nicotine. Several studies demonstrate that nicotine can cause prolonged excitation of VTA dopamine neurons, which may render mesolimbic dopamine neurons hypersensitive to the reinforcing effects of other stimuli. This hypothesis is supported by the observation that nicotine enhances striatal dopamine release in response to high-frequency (phasic, burst-like) stimulation but reduces dopamine release induced by single-pulse or low-frequency (tonic) stimulation in vitro (Rice and Cragg 2004) . Similar results were achieved with the nAChR antagonist mecamylamine, suggesting that the enhanced contrast between tonic and phasic-evoked dopamine release by nicotine results from nicotine-induced desensitization (functional inactivity) of nAChRs. Further investigation showed that nicotine temporarily relieves the short-term depression of dopamine release that is observed after successive bursts during phasic stimulation in the absence of nicotine. These results illustrate that nicotine can magnify the contrast in the striatal dopamine response to tonic (low frequency) vs phasic (burst-like) stimulation and provide a neurochemical correlate to the enhancement of reinforced behavior by nicotine. They suggest that nicotine can increase the responsiveness of the mesolimbic dopamine system when dopamine neuron firing switches from tonic to phasic, Results are mean±SEM of data obtained from six to nine animals per group. Schedule of reinforcement is indicated below the abscissa which could be in response to primary and/or conditioned reinforcers. This hypothesis is consistent with electrophysiological studies that investigate the specific impact of nicotine at nAChRs within the VTA McGehee 2000, 2002; Dani and De Biasi 2001; Mansvelder et al. , 2003 Pidoplichko et al. 2004 ). According to the cellular model generated by these experiments, the initial arrival of nicotine within the VTA directly excites dopamine neurons and causes dopamine release in terminal fields. However, this effect is short-lived because high-affinity nAChRs located postsynaptically and on cell bodies of VTA dopamine neurons rapidly desensitize and become functionally inactive for an indeterminate duration in the continued presence of nicotine (Pidoplichko et al. 1997) . In parallel, high-affinity nAChRs located on GABAergic interneurons also desensitize, with the result that cholinergic modulation of GABA interneurons is reduced, and their tonic inhibitory control of dopamine neurons is relieved. Nicotine also acts at low-affinity presynaptic nAChRs located on glutamatergic afferents (Jones and Wonnacott 2004) , which causes glutamate release and subsequent indirect excitation of VTA dopamine neurons (Grillner and Svensson 2000; Schilstrom et al. 1998) . Glutamatergic stimulation of dopamine neurons is sustained in the continued presence of nicotine because presynaptic nAChRs do not readily desensitize (Wooltorton et al. 2003) . Relief of inhibitory control together with continued glutamate-induced excitation yields a dopaminergic system that is hyperexcited, and potentially be more responsive to additional stimulation from incoming pharmacological or nonpharmacological reinforcers.
Proponents of this model suggest that concurrent activation of VTA dopamine neurons by nicotine acting directly at nAChRs on dopamine neurons and indirectly via glutamate could facilitate the development of long-term potentiation, a cellular phenomenon that has implications of learning and memory (Silva 2003) . In the same way, synchronized activation of dopamine neurons by nicotine and by stimulation from incoming reward-related information could also generate long-term potentiation, and thereby strengthen synapses that mediate the reinforcement conveyed by nonnicotine stimuli.
Conclusion
A prevalent argument in the clinical literature is that smoking is maintained by both the direct primary reinforcing effect of nicotine and the related capacity of nicotine to establish paired nonnicotine stimuli as conditioned reinforcers (Rose and Levin 1991; Balfour et al. 2000; Caggiula et al. 2001; Balfour 2004 ). However, this theory only partly explains how nicotine, a demonstrably weak primary reinforcer, can exert the robust control over behavior that is observed in self-administration and in smoking. Here we extend this hypothesis and present empirical support for a novel role for nicotine in reinforcement. In addition to its primary reinforcing effects, we propose that nicotine can also enhance the reinforcing value of reinforcing nicotine-conditioned and nonnicotine stimuli, an action that has critical implications for the role of nicotine in smoking.
The impact of discrete nonpharmacological stimuli on nicotine reinforcement has been well described for smoking. For example, exposure to stimuli that are associated with smoking (smoking cues) significantly enhances urge to smoke (Perkins et al. 1994; Drobes and Tiffany 1997; Tiffany et al. 2000) . Smoking denicotinized cigarettes (i.e., receiving cues alone) produces comparable levels of smoke intake, satisfaction, and reduction of craving and withdrawal as with those of smoking nicotine-containing cigarettes (i.e., cues plus nicotine), although when given a choice, smokers will choose the cigarette containing nicotine (Gross et al. 1997; Shahan et al. 1999 Shahan et al. , 2001 Rose et al. 2000; Dallery et al. 2003) . Similarly, visual and olfactory cues associated with cigarettes have a direct effect on overall measures of reinforcement derived from smoking .
These examples from a vast clinical literature exemplify the powerful impact of nicotine-related stimuli on behavior and motivation. The comprehensive hypothesis for nicotine reinforcement presented in this review predicts that in addition to imparting value to nonnicotine stimuli via Pavlovian conditioning, nicotine can directly increase reinforcement derived from both nicotine-conditioned stimuli as well as other reinforcing nonnicotine components of smoking. The latter may include social reinforcement (Johnson et al. 2005) , emotional reinforcement (Johnson et al. 2005) , and reinforcement derived from sensory components of cigarette smoking (Johnson et al. 2005; Rose and Behm 2004) . The ability of nicotine to facilitate behavior controlled by reinforcing nonnicotine stimuli may be one factor that contributes to the relatively low success rate of nicotine replacement therapy in smoking cessation.
A further consequence of these effects is that the reinforcement-enhancing action of nicotine could also impact the control over behavior exerted by environmental stimuli that become conditioned reinforcers for other coabused drugs, such as alcohol and cocaine. In support of this theory, Reid et al. (1998) demonstrated that cueinduced cocaine craving was augmented by nicotine, and that the nicotinic receptor antagonist mecamylamine reduced this effect (Reid et al. 1999) . Along similar lines, smoking cues also elicit craving for alcohol (Palfai et al. 2000) . In animal models, preexposure to nicotine facilitates the acquisition of cocaine self-administration (Horger et al. 1992 ) and increases ethanol intake (Potthoff et al. 1983; Clark et al. 2001 ) in rats. The potential for nicotine delivered via smoking to increase the incentive-motivational properties of alcohol-or cocaine-conditioned cues has tremendous bearing on treatment strategies, which often focus on the target substance but do not include a concurrent plan for smoking cessation.
In light of these implications, future investigations of the neurobiology of nicotine reinforcement should incorporate and test the distinct behavioral actions that arise from the primary reinforcing and reinforcement-enhancing effects of nicotine. Without knowing where or how the specific interactions between nicotine and nonpharmacological stimuli develop, our understanding of nicotine reinforcement remains incomplete. Such knowledge would refine our evolving theories on how nicotine, a relatively weak primary reinforcer, has such profound long-lasting behavioral effects.
